During the past decade, the use of DNA for forensic applications has been extensively 14 implemented for plant and animal species, as well as in humans. Tracing back the 15 geographical origin of an individual usually requires genetic assignment analysis. These 16 approaches are based on reference samples that are grouped into populations or other 17 aggregates and intend to identify the most likely group of origin. Often this grouping does not 18 have a biological but rather a historical or political justification, such as "country of origin".
Introduction 37
In recent years, the application of forensic methods based on genetic markers to assign 38 individual plants and animals to their geographic origin (Johnson et al, 2014; Ogden and 39 Linacre, 2015) has gained importance for the control of trade regulations and consumer
The opposite approach to the a priori specification of groups is to attempt to partition 104 individuals into reference groups that show HWP and linkage equilibrium. Bayesian 105 clustering approaches, as implemented for example in the program STRUCTURE (Pritchard 106 et al, 2000) , have become common in recent years. These aggregations are, however, also 107 based on estimates of allele frequencies that could be biased by unequal sample sizes among 108 genetic groups or violation of the assumption that the populations fit Wright's Island Model 109 with relatively small, clearly differentiated populations (Meirmans, 2012) . Another major 110 drawback of the partitioning of reference individuals into genetic groups by Bayesian 111 clustering methods is that the genetic groups they detect may be spread over more than one 112 country. This collides with existing legislation that requires declaration of the country of 113 origin, the political borders of which may cut through the middle of a genetic group, making it 114 difficult to issue a statement from genetic testing on how likely this declaration is. 115 This paper describes a nearest neighbour classification approach that assigns 116 unclassified individuals to predefined classes of reference individuals, such as by the country 117 of origin that is of relevance for the timber trade or any CITES listed species with different 118 country restrictions. The distance between individuals is measured by the genic distance 119 between their multilocus genotypes, defining the nearest neighbours of a specific individual as 120 those individuals with the smallest genic distance to it. An unclassified individual is assigned 121 to a particular class if this class has the highest representation among a limited set of nearest 122 neighbours by a new index and if this representation is statistically significant. Since 123 assignment is not based on estimation of allele frequencies within entire reference classes, the 124 approach avoids the problems of possible discrepancy between political and genetic 125 boundaries described above. We demonstrate its application using two data sets, a large set of 126 simulated data for a hypothetical tropical tree species and experimental data of an African tree 127 species. When applied to test whether individuals of known origin are correctly assigned to 128 their class, it turns out that the probability of correct self-assignment is better than for 129 conventional methods based on allele frequencies.
130 131 Material and methods 132 Nearest neighbour classification of individuals to origin 133 Consider the situation in which reference individuals (index ) have been subdivided 134 a priori into G different groups that correspond to their region (e.g. country) of origin. The 135 objective is to assign each of a set of T test individuals of unknown origin to that group to 136 which it is genetically most similar by the following procedure.
137
For a specified set of gene loci, genetic similarity is first calculated on a pairwise 138 basis between the test individual and each reference individual as the proportion of genes 139 they share over the loci, that is, as 1 − , where
is the proportion of non-shared alleles (Gregorius, 1978 
211
As an indicator of the performance, we computed the proportion of correctly assigned 212 individuals in self-assignments tests (Cornuet et al, 1999) . Here the individuals of the 213 reference data were self-classified to the sampled groups using the leave-one-out approach 214 (Efron, 1983) . For the frequency and the Bayesian approaches, we applied the self-assignment Weinberg-Proportions.
221
As a measure for genetic diversity (effective number of alleles) we computed the mean 222 allelic diversity v of group (Gregorius, 1987) :
With relative frequency of the -th allele at the -th locus in group and different 224 alleles at locus .
226
To measure the difference between groups, we calculate the gene pool distance 0 227 between two groups and ′ as 228
where the index runs through the loci, the index runs through the alleles at locus , and 229 and ′ are the relative frequency of the -th allele at locus in group and ′ , 230 respectively (Gregorius, 1984) . 0 ranges between 0 and 1. 0 =0 holds when the relative 231 frequency of every allele at every locus is the same in both groups. 0 = 1 holds when the 232 groups have no allele in common at any locus. To visualize difference between groups, cluster 233 analysis based on the pairwise gene pool distances 0 between groups was performed using 234 the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) as implemented in the 235 software PAST (Hammer et al, 2001) .
236
Based on the gene pool distance, the complementary compositional differentiation 237 among the gene pools of the groups is then defined as the mean gene pool distance between 238 each group and its complement ̅̅̅ , where ̅̅̅ consists of all reference individuals that do 239 not belong to group (Gregorius, 1987) , that is,
where the index runs through the groups, and ̅̅̅̅̅ is the relative frequency of the -th 241 allele in the complement ̅̅̅ . ranges between 0 and 1. = 0 holds when the relative 242 frequency of every allele at every locus is the same in all groups. = 1 holds when the 243 groups have no allele in common at any locus.
244
For comparison, we also calculated the commonly used Wright's F ST (Wright, 1978) 245 which is a measure of fixation (monomorphism) and not of the difference among groups As an indicator for the departure from Hardy-Weinberg proportions we computed the 249 inbreeding coefficient within each group for which > 0 holds (Wright, 1950) as
is the expected heterozygosity in group at locus under the 251 hypothesis of random mating (i.e., the Simpson diversity) and is the observed 252 heterozygosity (i.e., the relative frequency of heterozygotes). with 0<A1<1 for all initial populations (i.e., uniform distribution). To create reference data, 283 we selected 10 areas, each with a size of 10 km by 10 km (Figure 1 ). In each of these areas we 284 randomly selected a reference data set of 100 individuals. In order to imitate the effect of 285 species mixture, in area 5 we replaced allele "2" by an allele "3" in all individuals, and in 286 areas 6 and 7 we did the same for 50% of the individuals. Thus the areas 1, 2, 3, 4, 8, 9, and 287 10 are genetically purely species A, area 5 is purely species B, and the areas 6 and 7 are 288 mixtures of 50% species A and 50% species B. In addition, results for the self-assignment is quite stable over a range of percentiles of 349 nearest neighbours (P= 0.5% to 10%, Figure 5 ). 
381
The frequency and the Bayesian approach assigned 68% and 66% of all individuals to 382 the correct area, whereas the nearest neighbour approach assigned 74% of the individuals 383 correctly ( Table 2) .
384
Large differences among the methods were observed for individuals from Cameroon.
385
Here, the nearest neighbour approach assigned 77% of the individuals correctly, while the 386 frequency and the Bayesian approach assigned only 65% and 61% correctly. This was the 387 group with the largest sample size. Also for samples from DRC with the second largest 388 sample size the nearest neighbour approach was better.
389
As for the simulated data, the nearest neighbour approach was better in groups with Forensic application in timber tracking 468 We have generated and are continuously developing genetic reference data for timber Access to the program 487 We implemented the approach in a software application called GeoAssign and this is Outlook 496 We are currently extending our nearest neighbour approach using a city-block distance 497 for metric traits such as stable isotopes. The idea is to have a single statistical assignment 498 approach for different data sources that should be combined to increase the performance of reference data sets (such as genetic, stable isotope or near infrared data).
502
As is the case for the other assignment approaches, the nearest neighbour approach 503 will always assign the test individual to a group. But it is possible that the true group of origin 504 is not represented by the reference individuals. To deal with this problem, other approaches 505 simulate genotypes based on allele frequencies in the different groups of reference data, 506 compute the distribution of likelihoods for assignment of these simulated genotypes to "their" 507 group, and compare the likelihood of test individuals to these distributions and interpret the 508 position in the distribution as an "exclusion probability" (Cornuet et al, 1999) . Again this 509 approach suffers from the assumptions to be made on the use of allele frequencies to simulate 510 genotypes. To deal with these "alien individuals", we are integrating a routine into our nearest 511 neighbour approach that compares the genetic distance of the test individuals to the 512 distribution of genetic distances among all reference individuals within each group. An outlier 513 would be identified by its relatively large genic distance compared to the distribution of 514 distances among members of the same group. 
